The acquisition of flight contributed to the success of insects and winged forms are present in most orders. Key to understanding the origin of wings will be knowledge of the earliest postembryonic events promoting wing outgrowth. The Drosophila melanogaster wing is intensely studied as a model appendage, and yet little is known about the beginning of wing outgrowth. Vein (Vn) is a neuregulin-like ligand for the EGF receptor (Egfr), which is necessary for global development of the early Drosophila wing disc. vn is not expressed in the embryonic wing primordium and thus has to be induced de novo in the nascent larval wing disc. We find that Decapentaplegic (Dpp), a Bone Morphogenetic Protein (BMP) family member, provides the instructive signal for initiating vn expression. The signaling involves paracrine communication between two epithelia in the early disc. Once initiated, vn expression is amplified and maintained by autocrine signaling mediated by the E-twenty six (ETS)-factor PointedP2 (PntP2). This interplay of paracrine and autocrine signaling underlies the spatial and temporal pattern of induction of Vn/Egfr target genes and explains both body wall development and wing outgrowth. It is possible this gene regulatory network governing expression of an EGF ligand is conserved and reflects a common origin of insect wings.
The acquisition of flight contributed to the success of insects and winged forms are present in most orders. Key to understanding the origin of wings will be knowledge of the earliest postembryonic events promoting wing outgrowth. The Drosophila melanogaster wing is intensely studied as a model appendage, and yet little is known about the beginning of wing outgrowth. Vein (Vn) is a neuregulin-like ligand for the EGF receptor (Egfr), which is necessary for global development of the early Drosophila wing disc. vn is not expressed in the embryonic wing primordium and thus has to be induced de novo in the nascent larval wing disc. We find that Decapentaplegic (Dpp), a Bone Morphogenetic Protein (BMP) family member, provides the instructive signal for initiating vn expression. The signaling involves paracrine communication between two epithelia in the early disc. Once initiated, vn expression is amplified and maintained by autocrine signaling mediated by the E-twenty six (ETS)-factor PointedP2 (PntP2). This interplay of paracrine and autocrine signaling underlies the spatial and temporal pattern of induction of Vn/Egfr target genes and explains both body wall development and wing outgrowth. It is possible this gene regulatory network governing expression of an EGF ligand is conserved and reflects a common origin of insect wings.
apterous | iroquois Complex | wingless T he Drosophila wing disc has its origin in the embryo in a common primordium with leg disc cells (1) (2) (3) . Differentiating the wing from the leg and formation of two separate anlagen requires the function of both Egfr and Dpp signaling (4, 5) . At the end of embryonic development, the wing disc, which will give rise to both the adult wing and mesothoracic body wall, is a small sac formed by two epithelia with a central lumen. Early development of the Drosophila wing disc requires two signals at opposite ends of the cell field, an EGF ligand-vein (vn) proximally-and a Wnt ligand-wingless (wg) distally. vn-expressing cells become the body wall and wg-expressing cells become the wing. The wing is specified distally by wg inducing expression of key genes including vestigial (6) (7) (8) (9) (10) (11) . Concomitant with wing specification, vn specifies the body wall by induction of iroquoisComplex (iro-C) homeobox genes in proximal cells (12) (13) (14) . wg and vn are antagonistic. In a wg mutant, vn is ectopically expressed accounting for the transformation of wing to a second body wall (12, 15) . vn, however, also has an essential role in wing development and acts in the first instar to induce ap and allow the wing to grow (12, 16) . Thus, vn sits at the center of the gene regulatory network (GRN) governing wing disc development.
Most EGF ligands require posttranslational processing, but Vn is made directly as a secreted factor. Transcriptional regulation is therefore key to the spatial distribution of active ligand (16, 17) . The potential control region at the vn locus is extensive, but only one enhancer element has been identified, which drives expression in two ventrolateral stripes in the embryo (18, 19) . It is also known that vn is a target of Egfr signaling, in the embryo and the wing, forming one of the many feedback loops that regulate Egfr signaling (12, 20, 21) . Here we investigated the regulation of vn expression in early wing discs. We discovered two cis-regulatory elements that mediate the initiation and maintenance of vn expression. Initiation is triggered by Dpp signaling and maintenance is dependent on a direct feedback loop mediated by the ETS factor PntP2. We find that the rapidly changing spatial extent of vn expression, controlled through these cis-regulatory sequences, accounts for the roles of Vn/Egfr signaling in activating target genes that drive the earliest patterning events in the postembryonic wing disc including wing outgrowth triggered by apterous (ap).
Results

Spatiotemporal Changes in vn Expression Correlate with Differential
Target Gene Induction in the Early Wing Disc. Egfr is broadly expressed in the second instar (22) , and its ligand vn, as detected by in situ hybridization, is limited to the body wall (16) . This localization accounts for the role of vn in promoting body wall cell fate through induction of the iro-C genes, however vn is also important for induction of ap in a much broader domain filling the dorsal compartment (12, 13) . We suggested that induction of ap occurred in response to low levels of Vn emanating from the localized body wall source (12) . Here we used a GAL4 gene at the vn locus to drive Upstream Activating Sequence (UAS)-GFP in the endogenous pattern, which allowed us to examine very young wing discs (23) . We found vn expression starts in the first instar in a few cells and spreads to include more cells and form a complete proximodistal stripe by the end of the first instar ( Fig. 1 A-C) . In the second instar, distal expression fades and expression spreads laterally to produce a proximal patch (Fig.  1C , Inset)-the pattern detected at the same stage by in situ hybridization or a reporter gene inserted in the vn locus ( Fig. 2 B  and D) .
The patterns of target gene induction are consistent with the changes in vn expression-ap expression begins in a few cells in the first instar and comprises the dorsal compartment by the end of the first instar, when vn expression is a stripe extending distally ( Fig. 1 D-F) . The iro-C genes are first expressed in late first instar and are restricted to proximal cells ( Fig. 1 G and H) .
Regulatory Sequences Governing vn Expression in the Early Wing Disc.
To identify control regions regulating the spatiotemporal pattern of vn expression, we used lacZ-reporter genes with fragments of the 5′ regulatory region ( Fig. 2A) . There is strong conservation of the pattern of expression and sequence within this region between Drosophila melanogaster and Drosophila virilis (Fig. 2 A-C) . In the second instar, expression of vn rF264 -lacZ, an enhancer trap line that accurately reports endogenous vn expression, is limited to the proximal disc (Fig. 2D) . Reporter genes R1-lacZ and R4-lacZ had no detectable expression ( Fig. 2A ; not shown). R5-lacZ was expressed ectopically extending distally (Fig. 2E) . R3-lacZ and R6-lacZ were expressed proximally in a similar pattern to endogenous vn (Fig. 2 F and G) . R5-lacZ appeared to recapitulate the early expression of vn in a stripe, whereas R3-lacZ (and the larger fragment R6) reflected the mature pattern. As described below, genetic analysis and site-directed mutagenesis showed that R5 contains conserved Mothers Against Decapentalplegic (MAD) transcription factor binding sites regulated by Dpp signaling and R3 contains conserved ETS transcription factor binding sites regulated by Egfr signaling.
Dpp Induces Early vn Expression. To identify the signal required for the initiation of vn expression in the first instar, we considered the other major signaling pathways with early roles in wing development. Notch does not affect vn expression (24) , and vn expression was not changed in Hedgehog (Hh) mutants. In contrast, vn expression was reduced in a hypomorphic combination of dpp loss-of-function alleles, dpp d12/d14 ( Fig. 3 A and B) . Expression of dpp in the wing region, with a bifid/optomotor blind (omb)-GAL4 driver (25) , did not induce a corresponding ectopic vn expressing region in second instar wing discs, but it was expressed in a few cells in the anterior lateral region (Fig. 3C) . At the third instar, some wing discs had an extra folded structure emanating from the anterior lateral region, which included cells expressing vn, and developed into ectopic body wall structures (Fig. S1) .
To further understand the relationship between dpp and vn, we examined the relative expression patterns in early discs. In keeping with a role of inducing vn expression, dpp is broadly expressed in the first instar wing disc (Fig. 3 D-F ; Movies S1, S2, and S3). The cells that express dpp, however, are in the peripodial epithelium (Fig. 3F) , whereas vn is expressed in the disc proper ( Fig. 3 D and E′) . This suggests that Dpp is transmitted across the lumen to activate vn expression. In keeping with this idea, lumenal transmission of Dpp has been observed at later stages (26) . In the early second instar, dpp expression is still restricted to the peripodial epithelium and vn expression in the disc proper begins to retract distally ( Fig. 3 G and H′′; Movie S4). In the mid-second instar, dpp expression persists in the peripodial epithelium and begins in the disc proper distally and proximally with very weak expression connecting these domains ( Fig. 3 I and I′′′; Movie S5). By the early third instar, the expression of dpp is a complete anterior-posterior stripe (Movie S6).
We also visualized Dpp activity by staining for phosphorylated Mothers Against Decapentalplegic (pMAD), a transcription factor that mediates Dpp signaling (27) . In the late second instar, pMAD is expressed in a pattern that reflects asymmetric Dpp activity ( Fig. S1 ) (28) . At this stage, dpp is expressed in both the distal and proximal disc proper and peripodial epithelium ( Fig. 3 I and I′′′) , but pMAD is localized to distal cells in the peripodial epithelium and proximal cells in the disc proper ( Fig. S1 E-H). vn is expressed in the pMAD positive cells only in the proximal region (Fig. S1I) . We do not know how Dpp activity is correlated with dpp expression, but the different patterns suggest that a factor(s) required for transmission or reception of the signal is differentially localized.
Direct Induction of vn Expression by Dpp/MAD Signaling. In the vn upstream control region there are two conserved MAD binding sites characteristic of activating elements (AEs), which have been ) is expressed in the body wall region in a similar pattern to endogenous vn (compare with B, Left). (E) R5-lacZ is expressed proximally and as a stripe extending distally to the wing region. (F and G) R3-lacZ and R6-lacZ are expressed in the body wall in a similar pattern to vn-lacZ. In wing discs, dorsal is up and anterior is to the left.
shown to positively regulate Daughters against dpp (Dad) and knirps expression (29) . These sites are in the R5 region (Fig. 4 A  and B) , which we showed directed expression in a stripe similar to the early expression of vn (Fig. 2E) . Deletion of both AE sites abrogated expression of R5-lacZ in second instar wing discs (Fig. 4 C and D) . These data support the idea that Dpp/MAD signaling directly activates vn expression.
Examining R5-lacZ expression later in development, however, showed that Dpp signaling could also repress vn expression. In the third instar, vn is expressed in a complex pattern including lateral regions flanking the wing pouch (Fig. 4E) . This is where Dpp signaling is the lowest and genes negatively regulated by Dpp, such as brinker, are expressed (30) (31) (32) . R5-lacZ is strongly expressed in these lateral regions (Fig. 4F) . It is also expressed ectopically across the wing margin except in the center (at the AP boundary) and in a small patch of cells in the notum (Fig.  4F) . Deletion of the AE sites reduced expression in the notum, but did not abrogate expression in the lateral regions or the wing margin. When dpp was ectopically expressed in the wing pouch, the lateral stripes of R5-lacZ and endogenous vn expression were eliminated ( Fig. 4H; Fig. S1 A and B) . Conversely, when Dpp signaling was inhibited by expression of the repressor Dad (33), R5-lacZ was ectopically expressed in the center of the wing margin (Fig. 4I) . Dpp can directly repress its targets through the so-called silencer element (SE) that binds a complex of MAD, Medea, and Schnurri (34) . No SE sites are present in the R5 region, which we showed is repressed by Dpp signaling (Fig. 4H) . This suggests Dpp signaling may act indirectly to repress vn-R5 expression. Together the data are consistent with the idea that Dpp signaling switches from being an early activator (first instar) to an indirect repressor (third instar) of vn expression in the future wing region, but remains an activator in the body wall region.
Regulation of vn Expression in the Body Wall by the ETS Transcription
Factor PntP2. We showed that Vn/Egfr signaling is required for expression of vn in the body wall region as part of a positive Excel.1 H-I′′′, dpp 10368 ), Ubx expression (Ubx-GAL4 > UAS-CD8::GFP, green) and DAPI (blue) for DNA. (G) dpp RNA visualized by in situ hybridization (blue). (D) Early first instar wing, dpp is expressed in a stripe in the peripodial epithelium and vn is expressed in a few cells in the disc proper. (E and E′) Late first instar wing disc, dpp is expressed in a stripe in the peripodial epithelium and vn is expressed in a stripe in the disc proper. In E′ the image is shown without DAPI staining to reveal vn expression more clearly. (F) Late first instar wing disc, dpp expression overlaps with Ubx expression in the peripodial epithelium. (G) Second instar wing disc, dpp RNA (purple) is expressed in the peripodial epithelium. (H-H′′) Early second instar wing disc, dpp expression is still confined to the peripodial epithelium and vn expression is in the disc proper. vn expression starts to retract distally. (I) Midsecond instar wing disc, dpp expression starts in the disc proper as a distal wedge, small stripe of cells proximally, and a very weak stripe of expression between these domains. (I′ and I′′) dpp expression overlaps with vn expression proximally and in a few cells in the center of the disc (yellow). (I′′′) dpp expression persists in the peripodial epithelium. All discs are oriented with the dorsal (proximal) up. Views are either lateral, disc proper (DP), or peripodial epithelium (PE) as indicated by labels; tr, tracheal cells. 
(G) R5 AE*-lacZ is expressed in lateral regions (black arrows). Expression in a small cluster of cells in the notum is reduced or lost (arrowhead). (H) The lateral expression of R5-lacZ is reduced when dpp is ectopically expressed in omb-GAL4; UAS-dpp wing discs (black arrows). (I)
There is ectopic expression of R5-lacZ in the central margin region when Dpp is repressed in omb-GAL4; UAS-Dad wing discs (red arrow). In all wing discs anterior is to the left and dorsal/proximal is up.
feedback loop (12) . As described here, we found that the feedback loop is direct and mediated by the ETS transcription factor PntP2. The Drosophila pnt gene encodes two ETS proteins, PntP1 and PntP2, which are generated from two distinct promoters (35) . PntP1 and PntP2 share a highly conserved C-terminal DNA-binding ETS domain. PntP2 also includes a Sterile Alpha Motif (SAM)/PNT domain, which is phosphorylated by MAPK and acts as a protein interaction domain (36) . Phosphorylated PntP2 is a known downstream effector of the Egfr signaling pathway; moreover, pntP2 and vn mutants show similar wing phenotypes (16, 22, 37) . Here we found vn expression was absent in a pntP2-specific hypomorphic mutant, which is consistent with it being required to mediate the positive feedback loop (Fig. 5 A  and B) . We also found that ectopic expression of a specific inhibitor of PntP2, ETS-domain lacking edl/mae, in the proximal region produced flies completely lacking body wall and with small malformed wings ( Fig. 5 C and D) , a phenotype also seen in vn mutants (16) . Edl/Mae, which also has a SAM domain, inhibits the activation of PntP2 by binding to its SAM domain and thereby blocking its MAPK docking site (38) . Consistent with this relationship, pntP2 is expressed in early wing discs in cells that also express vn (Fig. 5 E and F′′) . The expression of pntP2, like that of vn, starts broad and becomes restricted proximally by the end of the second instar. This focusing of pntP2 expression also serves to restrict the activity of Vn to the proximal region. At this stage, pntP2 and vn are also expressed in distinct other cell types. pntP2 is expressed in myoblast cells and vn is expressed in tracheal cells (Fig. 5 F and  F′; Fig. S2 A and B) . The connection between vn and pntP2 is also transient, since in the mature wing disc pntP2 is expressed almost exclusively in the myoblasts while vn is expressed in epidermal cells (Fig. S2 C and D) . Together these data suggest that PntP2 is necessary for expression of vn in the early wing disc.
ETS Sites Mediate Maintenance of vn Expression in the Body Wall.
The reporter gene R3-lacZ recapitulates body wall expression (Fig. 2F) . To define the required region more precisely, we divided R3 into fragments A-D and tested these (Fig. 5 G and H) . Only R3D-lacZ was expressed in the body wall domain in second instar wing discs (Fig. 5H ). There are multiple putative ETS binding sites throughout the R3 region including six in R3D (Fig.  5G) . Mutating the six putative ETS binding in R3D abolished reporter gene expression in the body wall region (R3D-ETS*-lacZ; Fig. 5H ). Mutation of individual ETS sites did not show any significant reduction in reporter gene expression. Mutation of the two overlapping ETS binding sites (sites 2/3) greatly reduced reporter gene activity, whereas simultaneously mutating two other sites (1/6 or 4/5) did not significantly alter reporter gene expression. These results indicate the importance of the ETS sites in activating vn expression and show that the feedback loop is direct-acting on the vn promoter itself. They also suggest a threshold level of stimulation is attained by binding to multiple sites, as no single ETS site was found to be critical. The feedback loop responds to the net output of Vn/Egfr signaling, and therefore, although the R3D reporter lacks the Dpp responsive element, required for the initiation of vn expression, it is expressed in a similar pattern to endogenous vn, including more distal expression earlier in development.
To test whether PntP2 binds directly to the vn regulatory region in vitro, we used an electrophoretic mobility shift assay (EMSA). Pnt-GST bound to a probe from the R3D region containing four of the six ETS binding sites (2) (3) (4) (5) (Fig. 5I) . The binding is specific and can be competed by an oligonucleotide with a defined ETS binding site from the hh promoter (39) (Fig. 5I) .
The evidence thus far presented suggests vn and pntP2 function together in a positive feedback loop. This prompts the question of whether PntP2 is sufficient for inducing vn. Ectopic expression of an activated form of PntP2, PntP2 VP16 (40) , which should circumvent the need for upstream pathway components, did not cause transformation of wing to body wall or induce expression of the ETS containing reporter R3D-lacZ (Fig. S2 E-J) . Thus, it seems that the positive effects of PntP2 on vn induction cannot override negative inputs into the promoter. Discussion GRN for the Wing Disc. Deciphering GRNs is critical for understanding the causation of development (41), and a large network that explains endoderm development in the sea urchin has been elaborated (42) . The Drosophila early wing disc provides a tractable system for GRN analysis because it is a relatively small field of cells and many genes involved in the process are known (reviewed in ref. 43 ). Here we have developed our knowledge of the GRN involving Egfr signaling activated by its ligand Vn ( Fig. 6; Fig. S3 ). It is a key circuit because Vn/Egfr signaling induces the ap and iro-C genes, which are required for development of the major territories of wing and body wall beginning in the first instar (Fig. 1) . The spatial and temporal control of vn expression involves two major inputs-initiation by paracrine Dpp signaling and maintenance by a positive Vn/Egfr autocrine feedback loop. These are direct, positive, early acting inputs into the vn promoter. The Dpp signal emanates from the peripodial epithelium and is unidirectional-activating vn only in the disc proper. This directionality is important because ectopic activation of Egfr in the peripodial epithelium antagonizes its development and transforms the cells into columnar cells characteristic of the disc proper, which develop into body wall structures (44). We do not know why Dpp signaling is apparently only ) wing discs. In the pntP2-specific hypomorphic mutant, the wing disc is small and lacks vn expression, whereas expression in the leg disc is normal. (B, Inset) vn expression is also absent in a second instar wing disc. (C) teashirt (tsh)-Gal4/+ control fly with a normal notum delimited by the arrows. (D) tsh-Gal4; UASmae fly. Expression of a specific PntP2 inhibitor, Mae, in the body-wall region of the early wing disc, blocks development of the notum (arrows). (E and F′′) pntP2-lacZ (red); vn-GAL4; UAS-GFP (green). In midsecond instar wing discs, (E) pntP2 is expressed broadly and (E′) vn is expressed in a complete longitudinal stripe extending to the distal tip (arrowhead) with overlap in the expression domains (E′′). In late second instar wing discs, (F) pntP2 and (F′) vn expression is confined to proximal epithelial cells, with overlap in the expression domains (F′′). pntP2 is also expressed in myoblast cells (mb, F; Fig. S2 ). vn is also expressed in tracheal cells (tr, F′′; Fig. S2 ). (G) The R3 region is shown at the top, and sequences conserved 50% or more with D. virilis are indicated as pink peaks. Conserved ETS binding sites (blue triangles) and the fragments of the R3 region tested as reporter genes are shown below. (H) Expression of indicated reporter genes in second instar wing discs. Only R3D-lacZ is expressed and recapitulates the full R3-lacZ pattern (Fig. 2F) . Site-directed mutagenesis of the six ETS binding sites in R3D-lacZ abolishes reporter gene expression (R3D-ETS*). active in cells across the lumen from the expression domain in the first instar. It is possible some factor required for Dpp signaling is differentially expressed or Dpp signaling is mediated by cellular processes as has been proposed for the early eye disc (45) .
There are also negative inputs that operate slightly later in development and function to limit the spatial extent of vn expression ( Fig. 6; Fig. S4 ). Productive Vn/Egfr signaling is confined to the future body wall because pntP2 expression focuses proximally as development proceeds. There is also an early acting negative input from Wg signaling that has been defined genetically (12) (Fig. S4A) . wg expression begins in distal cells in the first instar wing disc, which is consistent with a role in repressing vn expression in cells that will become the future wing (Fig. S4 B-D) .
Vn/Egfr Positive Feedback Loop-An Example of a Community Effect
Involving an EGF Factor. The direct feedback loop involving vn expression is an example of a regulatory circuit governing a "community effect," a term coined by Gurdon to describe the change in transcription that occurs when cells are isolated from their neighbors (46, 47) . This phenomenon suggested that proximity to other cells serves as a mechanism to sustain expression of particular genes important for a collective cell fate. The term has been used to describe a developmental event that is the result of a ligand inducing its own expression in a neighboring cell (48, 49) . In this way, the signal is propagated through a field of cells, which, as a "community," then express a similar repertoire of target genes. Examples of this type of subcircuit operating in pattern formation have been described that involve TGF-β, FGF, and Wnt ligands (reviewed in ref. 48 ).
Here we report a case in which an EGF ligand is implicated. Adding an additional ligand class to the list supports the idea that the strategy is widespread in development (48, 49) .
In a normal developmental context, a secreted EGF ligand, such as Vn, can be produced as part of a positive feedback loop provided there are tight controls that limit the operation of the loop both spatially and temporally. Clearly, if there were no limits, a runaway situation would result and too many cells would become part of the "community," or the state of activity would be perpetuated beyond a certain developmental window. Indeed this seems to be the case in some disease contexts involving EGF ligands, including neuregulin (the vertebrate equivalent to Vn), where autocrine loops sustain the continued growth of cancer cells (50) (51) (52) .
Wing Origins and Egfr Signaling. It is widely thought that flight contributed significantly to the success of insects and consequently the evolution of the wing is of great interest. There are two major theories; the first holds that wings derived from a proximal branch of the leg and the second that wings derived from a paranotal lobe extending from the dorsal body wall (discussed in ref. 53) . In a combination of these ideas, it has been proposed that the wing may have a leg origin but that the ability to form a flat wing-like structure depends upon proximity to the dorsal-lateral boundary in the side body (the paranotal lobe in wingless forms) (54) . Dorsal appendages such as the tracheal gill or stylus are like the Drosophila wing in that they express wg and vg and may represent evolutionary precursors to the wing (54) . Unlike the wing, however, they do not form close to a region where ap is also expressed, which may be essential for an outgrowth to form a flat structure like the wing (54) . Vn/Egfr signaling is upstream of ap and therefore a prerequisite for wing formation (12) .
We now trace the circuit regulating ap expression back earlier to the induction of vn in a transient stripe triggered by Dpp signaling. This initiates broad Vn/Egfr/PntP2 signaling that extends distally and ap is induced throughout the dorsal compartment, where, together with wg and vg, it acts to produce the wing. Continued Egfr activation, however, blocks wing development, and hence the domain of active signaling is shortly thereafter restricted to proximal cells by the absence of PntP2 in distal cells. In proximal cells where PntP2 persists, a feedback loop is established and body wall development is promoted. The changing spatial domain of vn-from a stripe to a proximal wedge-establishes a prepattern that is permissive for both wing and body wall development. It will be interesting to determine if Egfr signaling underlies body wall formation in other species and if a similar transient spatial extension of this activity correlates with winged morphs. Heart, Lung and Blood Institute, Bethesda, MD); UAS-mae (I. Rebay University of Chicago, Chicago, IL); UAS-dad (G. Campbell University of Pittsburgh, Pittsburgh, PA); omb-GAL4; tsh-GAL4; wg-GAL4; ara-GAL4; and Ubx-GAL4 (V. Hatini Tufts University School of Medicine, Boston, MA). vn-GAL4 was generated by substituting the P-element in vn rF264 with a GAL4 element (55). All stocks were obtained from the Bloomington Stock Center except where noted.
Materials and Methods
Generation of Transgenic Flies for Reporter Gene Analysis. Various fragments of the vn regulatory region from λ phage containing vn-genomic DNA or PCR of genomic DNA were cloned into the reporter expression vector pCaSpeR-lacZ (56) . P-element transformation was used to generate transgenic flies and multiple lines (>3) were examined for each construct to account for variation in expression due to position effects.
Site-Directed Mutagenesis. Details of the methods to mutate ETS and MAD sites are given in SI Materials and Methods.
Histochemical Analyses. Reporter gene expression was detected by staining for β-gal activity or with an antibody against β-gal (1:1,000, Sigma). Other antibodies were as follows: rabbit anti-pSMAD (1:500, a gift from P. ten-Dijke Leiden University Medical Center, Leiden, Netherlands), rabbit anti-diphosphorylated (dp) ERK (1:250, Cell Signaling), and guinea pig anti-Twist antibody (1:1,000, a gift from M. Levine Berkeley, San Francisco, CA). Rabbit and mouse secondary antibodies (Jackson Immunoresearch) were used at dilutions corresponding to the manufacturer's instructions. Immunohistochemistry was performed as previously described for individual antibodies: pMAD (57), dpERK (58) , and Twist (59). In situ hybridization was carried out with dioxygenin-labeled riboprobes using a standard protocol (60) .
EMSA. Details of the assay and DNA sequences used are provided in SI Materials and Methods. In the first instar wing disc (Left), pntP2 is expressed throughout the disc proper (brown) and mediates autocrine Vn/Egfr signaling to establish a positive feedback loop (green arrows). This induces expression of ap, which is required for wing outgrowth. By the second instar (Right), pntP2 expression retracts distally and limits productive autocrine Vn/Egfr signaling to the proximal region. This induces expression of iro-C genes, which are required for body wall development. D, dorsal/proximal; DP, disc proper; PE, peripodial epithelium; V, ventral/distal.
